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I. INTRODUCTION
The hydrogen chloride anion (HCl ) has received much attention because it serves as a model system for investigating the electronic structures of anions and the related processes of electron dissociative attachment and associative attachment. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Early experimental observation of HCl was achieved via low-energy electron collision processes in HCl, and a regular spacing of ∼0.3 eV was detected for Cl anions obtained through dissociative attachment; 1-3 this regular spacing was believed to correspond to the vibrational structure of the low-lying state of HCl . Later, detection of HCl signals in solid matrices was achieved using an electron paramagnetic resonance method. 11, 12 Moreover, the charge-separated species Xe + (HCl) was prepared in a Xe matrix. 13 Because neutral HCl is more stable than the corresponding anion, HCl has an autodetachment lifetime and metastable states. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] 14, 15 Calculation of the metastable behavior of the electronic states associated with resonance wavefunctions remains a challenge to theoretical chemists, particularly in the HCl system. The potential curve of the HCl ground state parallels that of its neutral form HCl in the region around the minimum, but curve crossing occurs at a large nuclear distance, which results in the most stable anionic state (1 2 Σ + ) being located below the neutral ground state (X 1 Σ + ). Further calculations have shown that most HCl potentials are parallel and above the ground-state potential curve of HCl, which makes these corresponding states similar to a discrete representation of a continuum. [5] [6] [7] [8] [9] [10] Recently, Honigmann et al. reported detailed information about the metastable electronic states of HCl by using the complex multireference single-and doubleexcitation configuration interaction (MRD-CI) method. 16 They concluded that the 1 2 Σ + state of HCl is a bound anionic a) E-mail: yjw@nsrrc.org.tw ground state that is responsible for the sharp peak observed in the low-energy region of electron-scattering experiments. In contrast, the broad resonance band at 2.6 eV is caused by the upper 3 2 Σ + state of HCl with a larger bond length.
In our previous work, 17 we produced and trapped hydrogen fluoride anions (HF ) in a solid Ar matrix; these anions were generated by electron bombardment of an Ar matrix containing a small amount of CH 3 F during deposition and were identified by observing the ro-vibrational bands of the HF stretching mode. The calculated valence electron equivalent (γ), which describes the effective number of valence electrons on any particular atom based on an analysis of the atomic charges in the molecule, 18 indicated that the F atom of this anion is hypervalent. Moreover, this anion was only observed by electron bombardment of a CH 3 F/Ar sample with higher bombardment energy suggested that the formation of HF resulted from the association reaction of H with F . Irradiation with the selected wavelength increased amounts of HF owing to increased mobility and combination of H atoms and F anions in the solid matrix. Trapping this anion in a solid matrix might increase the energy threshold for electron detachment, 19, 20 providing sufficient stability for optical detection of HF . In this work, we extended our study to IR identification of HCl . To the best of our knowledge, direct spectroscopic observation of this anion has not been reported. By using a similar method, we recorded the IR spectrum of HCl anions produced in an argon matrix. High-level ab initio calculations on spectroscopic parameters of the ground state (X 2 Σ + ) HCl were performed to support our experimental observations.
II. EXPERIMENTS AND THEORETICAL METHODS
The experimental setup has been described previously. 17 of 450-5000 cm 1 were recorded with an interferometric spectrometer (Bruker v80) equipped with a KBr beam splitter and a Hg-Cd-Te detector cooled to 77 K. Typically, 400 scans at a resolution of 0.25 cm 1 were recorded at each stage of the experiment. The anions were produced by electron bombardment of a gaseous sample containing a small proportion of CH 3 Cl during the deposition of an Ar matrix. An electron beam at 1500 eV with a current of 300 µA was generated with an electron gun (Kimball Physics, Model EFG-7). Typically, a gaseous mixture of CH 3 Cl/Ar (1/500) was deposited over a period of 4 h with a flow rate of 5-8 mmol h 1 . Experiments with CH 4 /Ar (1/500), CD 3 Cl/Ar (1/500), 13 CH 3 Cl/Ar (1/500), CD 3 Cl/CH 3 Cl/Ar (1.5/1/1000), and Ar were conducted using the same conditions. Photoirradiation experiments were performed with synchrotron radiation at BL03 of Taiwan light source (∼5 mW at 210 nm) and light-emitting diodes (bandwidth ∼10 nm, 350 mW at 450 nm, 170 mW at 520 and 625 nm). Ar (99.9999%, Scott Specialty Gases), CH 3 Cl (99.5%, Matheson), 13 CH 3 Cl (∼99% 13 C, Aldrich), and CD 3 Cl (∼99% deuterium, Aldrich) were used without further purification, except for a freeze-pump-thaw procedure at 77 K.
The energies, equilibrium structures, vibrational wavenumbers, and IR intensities of the species were calculated using the Gaussian 09 program. 23 The spectroscopic parameters of HCl were calculated at the CCSD(T) level of theory 24, 25 with the aug-cc-pVQZ basis set. 26 The charge distribution of the species was calculated with the AIMAll program. 27 
III. RESULTS AND DISCUSSION
Figures 1(A)-1(C) depict partial IR spectra of electronbombarded CH 3 Cl/Ar (1/500), CH 4 /Ar (1/500), and pure Ar samples, respectively, under the same experimental conditions. Comparison of these spectra clearly shows that the triplet feature at 2454.5, 2438.3, and 2419.3 cm 1 is only obtained for the electron-bombarded CH 3 Cl/Ar matrix sample. Moreover, the observation of rotational parameters (∼8. similar to that of HCl 28 indicates that the carrier is a simple hydride species. As the vibrational frequencies of C-H and CCl stretching modes are typically beyond this spectral region, the observed broad features may arise from the overlapping bands of 35,37 Cl-isotopic variants, suggesting that this triplet feature is associated with the H-Cl stretching mode. Table  S1 in the supplementary material lists the assignments of all observed peaks in this experiment and the reaction mechanisms and band assignments of other species will be discussed elsewhere.
For further confirmation of the spectral assignments of HCl , electron bombardment of 13 CH 3 Cl/Ar (1/500) and CD 3 Cl/Ar (1/500) matrix samples was performed using experimental procedures similar to those for CH 3 Cl/Ar. As shown in Figs. 2(A) and 2(B) for CH 3 Cl/Ar and 13 CH 3 Cl/Ar, respectively, the positions of the observed features are identical, indicating that the carrier contains no carbon atoms. Figure 2(C) shows that deuterium isotopic substitution shifts the triplet band to 1782.6 and 1770.2 cm 1 ; the R(1) feature, which is absent from this spectrum, might be buried in the strong R(0) band. The observed deuterium isotopic shift ratio of 0.731 is comparable to those of HCl (0.724) and HCl + (0.726), 19 which is consistent with the assignment of this feature as HCl -. In addition, an experiment was performed using a mixed isotopic sample CH 3 Cl/CD 3 Cl/Ar (1/1.5/1000); the corresponding IR spectra are shown in Fig. S1 of the supplementary material. No additional features were observed in the mixed isotopic experiment, suggesting that this carrier contains only one H atom. Furthermore, identification of the H-Cl stretch of HCl + at 2548.4 cm 1 in solid Ar 19 excludes the possibility that this new IR feature is associated with HCl + . Therefore, the above evidence supports that the carrier corresponding to the triplet feature is HCl .
We performed quantum-chemical calculations using the CCSD(T) method with the aug-cc-pVQZ basis set to locate the stable structure of HCl . The bond length was predicted to be 1.307 Å, as compared with 1.284 Å predicted previously by Honigmann et al. using MRD-CI. 16 The intense band of HCl observed at 2438.3 cm 1 fits well with the harmonic vibrational wavenumber of 2498 cm 1 predicted by   FIG. 2. IR spectra of the electron-bombarded matrix samples of (A) CH 3 Cl/Ar (1/500), (B) 13 CH 3 Cl/Ar (1/500), and (C) CD 3 Cl/Ar (1/500) at 10 K.
the CCSD(T) method and also fits well with the anharmonic value of 2473.5 cm 1 predicted by the MRD-CI method. 16 In addition, the rotational constant of HCl was predicted to be 10.0 cm 1 by CCSD(T), which is consistent with the value of 10.4 cm 1 predicted by MRD-CI (Ref. 16 ) and the experimental value of 8.8 cm 1 . Table S2 of the supplementary material compares the results predicted by a CCSD(T) method with various basis sets. For DCl , the vibrational wavenumber of 1792 cm 1 and the rotational constant of 5.2 cm 1 predicted by CCSD(T) are also in good agreement with our experimental values of 1782.6 cm 1 and 6.2 cm 1 , respectively. Moreover, the calculated band splitting between H 35 Cl and H 37 Cl is less than 1.4 cm 1 , which is consistent with the observation of a bandwidth of about 7 cm 1 for the R(0) band, as shown in Fig. 2 . Taken together, the satisfactory agreement between theoretical predictions and experimental observations further supports our assignment of this spectral feature as HCl . Although the observed spacing of the triplet peaks of HCl is consistent with the theoretical prediction and the rotational constant of HCl, we cannot completely exclude these possibilities for the sidebands from libration or phonon coupling.
To further check the stability of this anion, we maintained the matrix sample in the dark for 12 h and found little decay of the HCl band intensity, as shown in Fig. 3(A) . In these difference spectra, lines pointing upward indicate the production of species, whereas those pointing downward indicate the destruction of species. We also performed secondary photolysis of HCl at various wavelengths to study the related photochemical behavior. Because a shallow minimum is predicted for the ground state of HCl by the previous work 16 and ours shown in Fig. 4 , photodetachment and/or photodissociation of this anion should be possible in the near-IR and visible regions. We found that irradiation at 210, 520, and 625 nm for 1 h depleted this anion, as shown in Fig. 3 , but no change in the band intensity was found upon irradiation with IR light provided by a globar source for 4 h.
It is worth noting that in our previous work, irradiation of the electron-bombarded matrix sample (CH 3 F/Ar) at 210 nm enhanced the formation of HF efficiently. 17 However, in the present study, the amount of HCl increased somewhat upon irradiation of the matrix sample (CH 3 Cl/Ar) at 450 nm, as shown in Fig. 3(D) . This observed difference may result from the different dissociation energies (D o ) of these species. D o of HF is predicted to be 182.1 kJ mol 1 , which is comparable to the bond strength of a typical halogen-halogen bond. By contrast, D o of HCl is only 34.3 kJ mol 1 , as shown in Fig. 4 , and hence the photoinduced combination of H and Cl to form HCl with excess energy might lead to the reverse reaction.
The charge distribution of HCl was calculated by the atom-in-molecule (AIM) method, 18 as shown in Fig. S2 of the supplementary material. Both the chlorine and hydrogen atoms were found to possess negative charges, and the H atom showed hydride character. The calculated valence electron equivalent (γ) was 8.22e for the Cl atom and 2.00e for the H atom, suggesting that the Cl atom in HCl is hypervalent. Therefore, HCl is clearly a hypervalent species.
IV. CONCLUSION
In summary, HCl was produced by electron bombardment of an Ar matrix containing a small amount of CH 3 Cl during deposition, and its ro-vibrational features were assigned and compared with those obtained by theoretical calculations. Irradiation of the matrix sample at 210, 520, and 625 nm depleted HCl , whereas no change was observed upon irradiation with an IR globar source. In addition, irradiation at 450 nm increased the amount of HCl somewhat owing to the photoinduced combination of H atoms and Cl anions in the matrix. The calculated charge distribution for HCl indicated that both the chlorine and hydrogen atoms possess negative charges. Moreover, the H atom exhibited hydride character and the Cl atom was hypervalent, indicating that HCl is a hypervalent species. This study providing the direct spectroscopic measurement of HCl is useful for theorists in dealing with the problems of predictions of the resonance states.
